Plant pararetroviruses, such as caulimoviruses, and animal retroviruses have in common the presence of a highly conserved arrangement of cysteines and a histidine in the precursor of the capsid protein. The composition of these amino acids resembles a zinc finger element, a structure that is common to a class of eukaryotic proteins that regulate gene expression. The role of the putative zinc finger in the life-cycle of caulimoviruses was investigated by introducing specific mutations in the coat protein coding region of a cloned and infectious form of figwort mosaic virus, a caulimovirus. This mutated viral genome, which no longer encoded the conserved cysteine and histidine residues, was not infectious in plants. Transient expression assays in protoplasts showed that expression of a reporter gene inserted at different places in the genome was not detectably influenced by the coat protein or its putative zinc finger. It appears that the zinc finger-like element of caulimoviruses is not involved in the regulation of gene expression. These observations support a model which predicts a function of the zinc finger in specific recognition and packaging of viral RNA into virions prior to reverse transcription.
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The caulimoviruses and their more recently described bacilliform relatives (Lockhart, 1990) are plant DNA viruses that replicate via reverse transcription of an RNA intermediate. Because of similarities with animal retroviruses the caulimovirus-like plant viruses have been grouped together with animal hepadnaviruses as pararetroviruses (Temin, 1985) . As pointed out by Covey (1986) , among the features that plant pararetroviruses share with retroviruses is the presence of a zinc finger-like structure in the nucleocapsid proteins or their proteolytically processed derivatives. Zinc fingers were first identified by Berg (1986) as potential metal-binding domains in eukaryotic transcription factors and other nucleic acid-binding proteins. The putative zinc finger of caulimoviruses consists of cysteines and a histidine which are highly conserved with respect to the composition and position as shown in Fig. 1 . A highly basic stretch of amino acids is located immediately upstream from the zinc finger in the capsid protein of retroviruses (gag) and plant pararetroviruses. It remains somewhat controversial whether the zinc finger unit in the gag protein of animal retroviruses is a metal-binding unit (Gorelick et al., 1988; Green & Berg, 1989; Jentoft et al., 1988; Bess et al., 1992) and no evidence is available for metal binding by caulimoviruses.
In retroviruses the zinc finger is not required for particle assembly, but the region rich in basic amino acids that flanks the zinc finger ( Fig. 1) is functional in RNA packaging (Gorelick et al., 1988; de Rocquigny et al., 1992) . The zinc finger itself appears to be involved in replication (Aldovini & Young, 1990) , presumably because it provides specificity for binding of the basic pocket to viral RNA and, perhaps in conjunction with this, it promotes dimerization of the genomic RNA prior to encapsidation (Prats et al., 1990) . The gag proteins of retroviruses also assist in annealing the tRNA primer onto the viral RNA for initiation of reverse transcription, but the region responsible may lie outside the zinc finger domain (Prats et al., 1988 (Prats et al., , 1991 de Rocquigny et al., 1992) . As postulated earlier by Covey (1986) , the participation of the zinc finger in replication would provide an explanation for the absence of such a unit in hepadnaviruses because these viruses rely on a small protein as a primer for reverse transcription (Seeger & Maragos, 1991) instead of the tRNA used by retroviruses and plant pararetroviruses, No information is available on the role of the zinc finger-like element in the coat protein of caulimoviruses but the similarities to retroviruses justify speculation that the zinc finger region confers specificity for binding to the viral RNA. Consequently, this region might be involved in RNA packaging, replication or gene expression. To address some of these issues, the biological (FMVcm) . Note that, in addition to the changes to the conserved cysteines and histidine, a tryptophan (W) codon has also been changed to a serine (S) codon because of the introduction of a SacI site in the DNA. Asterisks (*) denote the position of the four conserved zinc finger residues which presumably form the metal-binding core. Boxed regions indicate identical areas in the different caulimoviruses.
significance of the zinc finger-like region in the coat protein of a caulimovirus was investigated by the introduction of specific mutations in the coat protein gene (Fig. 2 ) of an infectious clone of figwort mosaic virus (FMV). A large portion of the coat protein gene (gene IV) was obtained from an infectious version of FMV, denoted pFMVSc3 ( Fig. 2) (Richins et al., 1987) , after treatment of this DNA with the restriction enzymes KpnI and PstI [nucleotides (nt) 2201 to 3632]. This fragment was inserted into pUCll9 to yield pSc3 K/P. Following oligonucleotide-directed mutagenesis (Kunkel, 1985) the KpnI-PstI fragment was re-introduced into pFMVSc3 to substitute the wild-type segment. As a result of the mutagenesis, the codons in gene IV were changed in such a manner that the altered coat protein contained a zinc finger-like element in which the cysteines were replaced by serines, as shown in FMVcm (Fig. 1 b) . Cysteine and serine are similar amino acids except that serine contains a hydroxyl side-chain instead of a sulphydryl group. The conserved histidine residue was changed to lysine, another basic amino acid. Nucleotide sequence analysis of a 140 nt stretch covering the zinc finger coding region showed that the proper mutations were introduced and no other mutations were observed (data not shown). The introduction of a second SacI site in pFMVcm ( Fig. 1 ) complicated the otherwise simple process of removing the vector with SacI prior to inoculation on plants, as was done for pFMVSc3 (Richins et al., 1987) (Fig. 2 ). For this reason the pUC13 vector was removed from pFMVcm by partial digestion with SacI and the viral portion was re-cloned in a kanamycin-resistant vector (pPH 126; Spratt et al., 1986) that was inserted at the XhoI site. The resulting plasmid was denoted pX5 (Fig. 2) .
Plasmid pX5 was digested with XhoI to release the viral DNA (Fig. 2a) , and inoculated onto Datura stramonium plants. Control plants were inoculated with pFMVSc3 DNA digested with SacI (Fig. 2a) . Of 191 pFMVSc3 control plants, 77 (40%) exhibited vein clearing, chlorosis and stunting symptoms, starting 2 weeks after inoculation. None of the 126 plants that were inoculated with pX5 showed symptoms typical of an FMV infection and neither the virus nor viral DNA could be detected in plant extracts. Previous experiments have demonstrated that the coat protein of cauliflower mosaic virus (CaMV) and FMV is required for infectivity (Daubert et al., 1983; Scholthof et al., 1991) and the results of the present investigation showed that mutations which only affect the zinc finger-like motif in the FMV coat protein destroyed the infectivity of the virus. Similar mutations in retroviruses were also detrimental to viral infectivity (Aldovini & Young, 1990; Gorelick et al., 1988) .
Since FMV employs an unusual mechanism for gene expression via a polycistronic mRNA (Scholthof et al., 1992a, b) experiments were designed to determine whether the coat protein and the associated zinc finger sequence were involved in gene expression. For this purpose, transient expression assays were performed using plasmids (Fig. 2) that contained a partially redundant genome of FMV, with or without the wildtype or zinc finger mutant coat protein gene. These plasmids were similar to the ones lacking the coat protein gene (pH63b and pH64, Fig. 2 ) which had been previously subjected to gene expression studies (Scholthof et al., , 1992a (Richins et al., 1987) at the top of the panel; the Sail site at position 0 is absent from pFMVSc3 and pFMVcm. Viral DNA, ~. The vectors are omitted from all the linear representations except as indicated by slash marks for pFiPR. The plasmid pFiPR contains a partially redundant, cloned version of FMV between the PstI and Sail sites of a slightly modified pUCI19, and this DNA is infectious without further treatment . Plasmids pFMVSc3 (Richins et al., 1987) , pFMVcm and pX5 do not contain redundant portions, as are provided in Fig. 2 (a) to enable comparison with the genomic map and the organization of the zinc finger mutant plasmids (pFMVcm and pX5) and with the FMV derivatives used in the transient gene expression assays (Fig. 2b) . To ensure detection of even low levels of gene expression, the chloramphenicol acetyltransferase (CAT) reporter gene was either fused in-frame to open reading frame (ORF) IV (Fig. 2, pH63b and pH83b) or it was inserted as a separate cistron inside ORF V (Fig. 2, pH64 , pH84wt and pH84cm) (Scholthof et al., 1992a) . For construction ofpH83b, the CAT gene of pKScCAT was inserted into the SacI site (nt 1910) in ORF IV of pFiPR (Fig. 2a) , a partially redundant infectious clone of wild-type FMV . The plasmids pH63b and pH64 were derived from a coat protein deletion mutant of FMV (Scholthof et al., , 1992a (Fig. 2) . For construction of pH84cm (Fig.  2 ) the PstI fragment (nt 1564 to 3632) of pH64 was replaced with the equivalent PstI fragment of pX5. In pH84wt (Fig. 2) the KpnI-XhoI fragment (nt 2201 to 3166) of pH84cm was replaced with the corresponding fragment of pFMVSc3 (Fig. 2a) . To prevent recombination events in plasmids with repetitive sequences, all plasmids were grown in Escherichia coli strain XL1-Blue (Stratagene). All the constructs that were used in this study for the transient gene expression assays in protoplasts contained gene VI, which is required for trans-activation of all the genes on the polycistronic full-length mRNA of FMV indicated by the genomic length bar without redundant ends. These viral DNAs are inserted in the SacI site of pUC13 for pFMVSc3 and pFMVcm, or the XhoI site of pPH126 for pX5. The monocistronic gene VI mRNA and the polycistronic full-length transcript are produced by action of promoters (Q) located in the small intergenic region (S-IR) and slightly upstream from the large intergenic region (L-IR), respectively. Both transcripts are terminated by the same polyadenylation signal (!) (Gowda et al., 1989; Scholthof et al., 1992a) within L-IR. (B) indicates the coding region for the putative zinc finger (Fig. 1 ) from wild-type FMV (wt) or from the zinc finger mutant (cm). (b) Plasmid pH83b has the CAT gene fused in-frame with the 5' end of the wild-type coat protein gene (IV/CAT). As indicated by the separate box, plasmids pH84wt and pH84cm contain the CAT gene as a separate cistron in gene V, with two stop codons preceding the start codon for CAT (Scholthof et al., , 1992a . Plasmids pH63b and pH64 are similar to pH83b and pH84, respectively, except they are derived from a naturally occurring mutant of FMV in which most of the coat protein gene is deleted (nt 2173 to 3266) including the coding region for the zinc finger, as indicated by the triangles. In these plasmids the 5' end of gene IV is fused in-frame with gene V, resulting in a gene IV/V fusion gene (Scholthof et al., , 1992a . (c) CAT assays of Nicotiana edwardsonii cell suspension protoplasts electroporated with 50 lag CsCl-purified supercoiled plasmid DNA. Lane E contains 0-1 unit CAT enzyme; lane C, protoplasts electroporated without DNA present; plasmid pFMVCAT20 (20 ~tg) (Gowda et al., 1989) was used as a positive control. The protocol for electroporation and CAT assays has been described by Gowda et al. (1989) . The data for pH63b and pH83b were from a separate experiment. Short communication (Gowda et al., 1990) . At the 3' end of the entire (redundant-end) viral DNA, an additional transcriptional unit is positioned which contains the coat protein gene between the 35S promoter of CaMV (0)) and the nopaline synthase polyadenylation signal (!). pH45wt contains the wild-type coat protein gene; pH45cm has the zinc finger mutant coat protein gene; pH45k has the major portion of the coat protein gene deleted by removal ofa KpnI fragment. (b) CAT assays of N. edwardsonii cell suspension protoplasts electroporated with 50 lag CsCl-purified supercoiled plasmid DNA. Lane C represents protoplasts electroporated without DNA; pFMVCAT20 (20 lag) was used as a positive control. (Gowda et al., 1989; Scholthof et al., 1992a) . The fusion of the 5' end of the coat protein gene (ORF IV) with the CAT gene in pH83b and pH63b resulted in expression of the reporter gene during the transient assays in protoplasts, indicated by elevated levels of enzyme activity (Fig. 2c) . This suggests that the coat protein is also expressed from pH84wt and pH84cm. However, expression of coat protein, with or without the putative zinc finger element, did not detectably affect expression of CAT inside gene IV/V because CAT expression levels of pH64, pH84wt and pH84cm were similar (Fig. 2c) . Preliminary studies also failed to detect differences in CAT gene expression from plasmids similar to pH64 and pH84wt which contained the reporter gene in-frame with gene VI instead of in gene V (unpublished results). Low fidelity of the transient assay could result in uncontrolled gene expression irrespective of the virus expression signals and therefore the effect of the mutations could be obscured. We have not encountered this problem in previous studies, however; for example, a deletion covering the full-length promoter in a plasmid similar to pH64 abolished CAT expression (Scholthof et al., 1992 a) . In addition, FMV gene expression from plasmids like the ones shown in Fig. 2 occurred only when gene VI was present to provide the post-transcriptional transactivator of gene expression (Gowda et al., 1989; Scholthof et al., 1992a, b) . These data suggest that the transient assay faithfully responds to mutations in essential viral elements that control gene expression at the transcriptional and post-transcriptional level. It could be argued that the amount of coat protein produced by pH84wt and pH84cm was too low to establish a biological effect, or that it was translated relatively late. Both events would obscure a putative effect on gene expression during the transient expression assay. Therefore, plasmids pH45wt and pH45cm were generated (Fig. 3) ; these express the coat protein from a separate transcriptional unit, providing a high level of constitutive expression (data not shown). Consequently, production of coat protein is not restrained by putative temporal or quantitative regulatory events for expression of internal genes of FMV. A plasmid very similar to pH64 (pH44-3; Gowda et al., 1990) was treated with SphI and SmaI (Fig. 2a) and the complete viral DNA was ligated into pIV-wt or plV-cm (Scholthof, 1990) to give plasmids pH45wt, pH45cm and pH45k (Fig. 3) . Plasmids plV-wt and pIV-cm contained the wild-type or the zinc finger mutant coat protein gene (from nt 1775 to 3321), respectively, under control of the 35S promoter of CaMV (derived from a slightly modified pKYLX7; Schardl et al., 1987) and the polyadenylation signal of the nopaline synthase gene (Jefferson, 1987) . This coat protein expression cassette is present as an EcoRI insert in the plasmids. In pH45k, the KpnI fragment of pH45wt (nt 2201 to multiple cloning site) is deleted to remove most of gene IV (Fig. 3) from the expression cassette. In previous experiments we found efficient expression of additional transcriptional cassettes in a plasmid that already contained a partially redundant FMV genome, as in Fig. 3 . The results showed that even when the coat protein was expressed at an expectedly high and constitutive level, no effect could be observed on expression of the CAT gene positioned within gene IV/V (Fig. 3) .
The results indicate that the coat protein and its zinc finger-like element do not have a noticeable effect on gene expression of FMV. It seems unlikely, therefore, that this element is part of a transcriptional regulator, the function of several well documented examples of proteins that contain zinc fingers. Moreover, the transient assays showed no effect of the coat protein or its zinc finger element on translational regulation of the downstream cistrons in the FMV genome. The CAT assay used, however, was not designed to detect minor differences that might be significant. In addition, it is possible that proteolytic processing of the coat protein is required and that the concentration of the ORF V product which provides the protease for this proteolytic processing (Toruella et al., 1989) may be too low during the transient assay (Fig. 2) to cause a significant effect. Futterer & Hohn (1987) demonstrated that CaMV coat protein binds to viral RNA although it was not known whether this was a specific interaction. This observation implies that the RNA may be a packaged form of the caulimoviral genome. Several observations with retroviruses suggest that the zinc finger-like motif of the gag protein specifically interacts with defined sites on the genomic RNA during assembly of virions (Gorelick et aL, 1988; Prats et al., 1990; Aldovini & Young, 1990) . The full-length transcript of FMV not only serves as an intermediate during replication but it also functions as a polycistronic mRNA (Scholthof et al., 1992a) through unknown mechanisms that involve viral cis-and transacting factors (Gowda et al., 1989 (Gowda et al., , 1991 Scholthof et al., 1992a, b) . If the full-length RNA of FMV is the form of the genome packaged into (pro-)virions one might expect this event to affect translation of the full-length polycistronic mRNA, but this is not apparent from our experiments ( Fig. 2 and 3) . Perhaps packaging does not occur during the 24 h interval of the transient expression.
We do not believe that the lethal mutation is due to interference with putative cis elements, because of results obtained with a naturally occurring coat protein deletion mutant of FMV which accumulates as the result of splicing of the full-length RNA . This mutant lacks most of the coat protein gene (including the zinc finger coding region) and the 5' portion of the reverse transcriptase gene. Cloned DNA of this mutant is not infectious, but its genome is actively transcribed and translated. Because the deletion mutant can be isolated as encapsidated DNA from FMV-infected plants, the spliced RNA must be a suitable template for reverse transcription and encapsidation. These observations suggest that the zinc finger coding region does not contain essential cis elements for transcription, translation, reverse transcription or encapsidation.
We have been unable to detect replication of wild-type FMV in protoplasts that were used in our transient assay system, and therefore could not directly monitor the effect of the zinc finger mutations on replication. In future experiments this matter could possibly be addressed by monitoring the effect of single amino acid mutations that might not be lethal but could perhaps give an attenuated phenotypic response in infected plants. Useful information may also be obtained by inoculating zinc finger mutant genomes onto whole leaves, followed by PCRaided analyses of leaf extracts. This procedure may allow detection of virus replication in single plant cells. In order to show conclusively that the mutation of the zinc finger affects a protein component that is essential for replication, studies were initiated to investigate complementation of the zinc finger mutant genome in plants transgenic for the wild-type coat protein of FMV. It was discovered, however, that the expression of wild-type gene IV was toxic to Agrobacterium tumefaciens (Scholthof, 1990 ) and other approaches have therefore been initiated to obtain the transgenic plants. Interestingly, no toxicity was encountered during the preparation of A. tumefaciens transformed with a plasmid containing the zinc finger mutant coat protein gene of FMV. This strongly suggests that the zinc finger-like element is involved in the toxic action of the coat protein in bacteria. There is no evidence that the coat protein of FMV is toxic to plant cells, as it is to A. tumefaciens, but this phenomenon could be related to the accumulation of the naturally occurring coat protein deletion mutant in plants; this mutant does not produce coat protein but apparently is capable of expressing the other genes .
Although we have not been able to test directly the putative replication function of the zinc finger-like element, the observation that it is required for infection but does not appear to be involved in gene expression suggests a function in replication similar to the role of zinc fingers in retroviruses. Consequently, replication of the caulimoviruses may require encapsidation of viral RNA into partially assembled virions, as suggested by
